Abstract: The Intergovernmental Panel on Climate Change, Tier 2 methodology and 16 empirical models together with dietary information were used to estimate daily methane (CH 4 ) production and Y m (CH 4 energy expressed as a percentage of gross energy intake) for mature cows (lactating and dry) and growing steers (backgrounding, grazing, and finishing) in eastern and western Canada. Monthly simulations accounted for changes in body weight, feed intake, and diet composition. Coefficient of variation (CV) and uncertainty (95% confidence interval divided by mean) were used to estimate variability. Estimates of CH 4 (g d −1 ) and Y m from models differed from IPCC estimates. For models, the CV of Y m ranged from 0.8% to 29.7% and uncertainty from 0.9% to 45.2% over the production phases of the animals in contrast to the fixed Y m used by IPCC. When information on diet composition is lacking, a Y m value of 7.0%-7.3% can be used for beef cows depending on stage and location, and 6.4%-6.6% for growing cattle fed high-forage diets, whereas 4.8% is recommended for finishing diets instead of the default values of 6.5% for high-forage diets and 3.0% for finishing diets typically used in the IPCC Tier 2 method.
Introduction
Within the agricultural sector, beef cattle are the largest source of greenhouse gas (GHG) emissions both in Canada and globally. Beef production contributes 41% of global livestock emissions (Gerber et al. 2013) , whereas beef accounts for about 25% of total agricultural emissions in Canada (Environment and Climate Change Canada 2016) .
The Canadian beef production industry is complex (Shepard et al. 2015; Alemu et al. 2016; Legesse et al. 2016) . In simple terms, the beef production system starts with breeding herds (cow-calf sector) that produce calves for subsequent backgrounding and finishing. The cows and suckling calves are generally maintained on pasture during the summer grazing period, calves are weaned in the fall, and pregnant cows are over-wintered in confinement in pens, dry-lots, or fenced areas using supplemental feed. Weaned calves are mainly backgrounded on forage-based diets in feedlots or as stocker cattle on pasture for varying lengths of time before they are finished in feedlots using grain-based diets (Beauchemin et al. 2010; Alemu et al. 2016) .
Over the lifespan of a beef animal, there are continuous changes in diet ingredient composition, which are driven by the availability of feed and the need to balance diets to meet requirements based on the animal age, physiological stage of maturity, and environmental conditions. Diet composition affects dry matter intake (DMI), the ruminal microbial population, and final products of ruminal fermentation, including CH 4 emissions. Enteric CH 4 represents 2%-12% of gross energy consumed depending upon level of intake and composition of the diet (Johnson and Johnson 1995) .
The United Nations Framework Convention on Climate Change requires countries to provide estimates of all GHG emissions and their uncertainties using Intergovernmental Panel on Climate Change (IPCC 2006) methodology. Environment Canada uses the IPCC (2006) Tier 2 methodology to produce its national inventory report (Environment Canada 2014) . Specifically, yearly mean gross energy intake (GEI) of a representative animal for each class of beef cattle is estimated, and then multiplied by a CH 4 emission factor (Y m , % of GEI). The emission for each class of animal is then multiplied by the population of animals within each class and summed to estimate the total CH 4 emission for the beef sector. The IPCC provides a default Y m value of 6.5% ± 1% for beef cattle consuming diets with less than 900 g concentrate kg −1 , and an Y m of 3% ± 1% for finishing cattle consuming more than 900 g of concentrate per kilogram of dry matter (DM). Accuracy of the IPCC Tier 2 methodology can be low, and the Y m value used is critical because it has a direct effect on estimated CH 4 production and is the main source of the large uncertainty in estimating cattle emissions in GHG inventories (15%-33%; KarimiZindashty et al. 2012) .
Various empirical models for predicting CH 4 production from beef cattle have been published (Ellis et al. 2007 (Ellis et al. , 2009 Yan et al. 2009; Ricci et al. 2013; Moraes et al. 2014; Escobar-Bahamondes et al. 2017b) . EscobarBahamondes et al. (2017a) showed that many equations lacked accuracy, as they were not specific for high-forage or high-grain diets. According to that study, a set of equations was identified that predicted CH 4 production as well as, or better than, the IPCC Tier 2 methodology.
The difference among using models that account for changes in diet composition compared with IPCC (2006) Tier 2 methodology for estimating CH 4 production from different beef cattle production systems in Canada is unknown. The first objective of this study was to estimate CH 4 emissions (g d −1 and Y m ) for beef cattle in eastern compared with western Canada using empirical models in contrast to the IPCC (2006) Tier 2 methodology. The second objective was to estimate variability of model predictions of CH 4 due to changes in body weight (BW) of animals, feed intake, and diet composition over the production cycle of cattle.
Materials and Methods

General overview
Most CH 4 prediction models require knowledge of animal class, BW, feed intake, and diet composition. Thus, it was necessary to develop scenarios to represent beef cows and growing cattle, and their respective diets during their productive lifespan. Typical scenarios were developed monthly for mature beef cows and growing steers in eastern and western regions of Canada to reflect differences in diet composition, BW change, and management. Due to their lower population size, bulls and calves were not considered, whereas it was assumed that model comparisons for growing-finishing heifers would be similar to those for cows. Empirical models that consider diet composition were used to predict daily CH 4 production (g d −1 and Y m ) of individual animals by month.
The beef production system and diets
The Canadian beef production system is based entirely on Bos taurus breeds and is comprised of three distinct components: cow-calf herds that produce calves, calf growing operations (calves and yearlings on pasture, backgrounding in confinement), and finishing feedlots. Cow-calf and calf growing operations utilize high-fiber diets, including grazed pastures, harvested forages, and by-product feeds. The finishing phase is largely conducted in feedlots using high-grain diets (≥80% of concentrate in diets, DM basis). Many different management practices and diets for growing and finishing cattle are used in Canada (Sheppard et al. 2015; Legesse et al. 2016) . As the focus of the current study was to explore variability and uncertainties in CH 4 prediction due to the differing calculation approaches suggested by IPCC (2006), it was necessary to develop typical production systems to represent mature cows and growing cattle (steers), and their respective diets throughout the production cycle.
The production systems used for beef cows and steers are based on Legesse et al. (2016) and presented in Figs. 1a and 1b. Each scheme was comprised of individual stages to account for daily changes in BW, diet composition, environmental conditions, and management (grazing and confinement). The production system for eastern and western Canada differed slightly to reflect regional differences in management and diets (Sheppard et al. 2015) . Although both native and tame pastures are grazed by beef cattle in western Canada, only tame pasture was considered because of the lack of detailed nutritional information for native pasture.
The beef cow simulation was conducted over a 12 mo season (parturition in March) with two stages (lactating and non-lactating) to reflect changes in DMI (due to additional nutrient requirements for lactation), BW, and diet composition (Fig. 1a) . The initial and final BW of cows were obtained from Sheppard et al. (2015) . A milk yield during the lactation phase of 1600 L was assumed, equivalent to 8 kg d −1 at peak lactation (Mathison 1993) . Beef cows were assumed to be fed a high-forage diet all year under confinement from November to end of February and on pasture from March to October (Fig. 1a) . For growing beef cattle, the simulation started with weaned calves (November, 8 mo of age). A yearling steer scenario was selected to allow for exploration of various types of diets (high-forage, pasture, and highconcentrate). According to Legesse et al. (2016) , this scenario represents about one-third of calf production in Canada. Simulations were conducted for eastern and western regions to reflect differences in diet ingredients and age at slaughter (22 and 21 mo, respectively). Backgrounder steers were assumed to be fed a highforage diet under confinement from November to March when mean ambient temperature was below 0°C. From April to October, the steers had access to tame pasture, and from November until the end of their productive life, the steers were fed a high-concentrate diet in a feedlot (Fig. 1b) . The BW and average daily gain of growing animals during the various phases were from Sheppard et al. (2015) and Legesse et al. (2016) .
Diet composition
Representative diets were selected for each phase of the production systems. These diets accounted for differences in feed sources used in western and eastern regions of Canada. In the west, barley grain, barley silage, and grass-legume hay were the main feeds, whereas in the east, diets included corn grain, corn silage, alfalfa hay, and soybean meal (Mathison 1993; Beauchemin and McGinn 2005; Sheppard et al. 2015; Legesse et al. 2016 ). The forage:concentrate ratio of the diets for the various classes of cattle varied throughout the production cycle as outlined by Legesse et al. (2016) .
The chemical composition and nutritional values of dietary ingredients was estimated from Abouguendia (1998) Most enteric CH 4 prediction equations require an estimate of DMI, GEI or metabolizable energy intake (MEI), which was estimated monthly for each class of cattle using the Beef Cattle Nutrient Requirement Model (NASEM 2016) and representative diets. Representative diets for both regions and animal categories were created using peer-reviewed papers that reported detailed information about beef production in Canada (Beauchemin and McGinn 2005; Beauchemin et al. 2010; Alemu et al. 2011; Sheppard et al. 2015; Legesse et al. 2016) . The variables used in the representative diets were BW (kg), forage intake (% DMI), organic matter (% DM), crude protein (CP, % DM), neutral detergent fiber (NDF, % DM), acid detergent fiber (ADF, % DM), non-fiber carbohydrate [NFC, % DM; NFC = 100 − (NDF + CP + fat + ash)], hemicellulose (HC, % DM; HC = NDF − ADF), cellulose (CEL, % DM; CEL = ADF − ADL), fat (% DM), sugar (% DM), starch (% DM), gross energy (GE, MJ kg −1 DM), digestible energy (DE, MJ kg −1 DM), metabolizable energy (ME, MJ kg −1 DM), and daily intakes of each of the dietary constituents including
), and MEI (MJ d
−1
). The GE content was calculated according to NASEM (2016) .
Estimation of methane production IPCC (2006) Tier 2 methodology and 16 models that consider dietary nutrient composition, daily intakes, and BW were used to predict enteric CH 4 for cows and steers using the compiled information for diets and intake. The equations used were those identified by Escobar-Bahamondes et al. (2017a , 2017b as being most accurate (best-fit) for high-forage (≥40% DM; HF) or lowforage (≤20% DM; LF) diets. Detailed descriptions of equations used in this study are shown in Table 1 . Not all models are appropriate for beef cows or all phases of steer growth, thus only relevant models were used for each class and phase of cattle production. Specifically, few models have been developed for mature beef cows, and some equations are only accurate for heifers, or for growing cattle fed high-or low-forage diets. Daily CH 4 emissions (g d −1 ) were calculated monthly using all relevant models for each category of beef cattle. Values of CH 4 were transformed to energy assuming 55.6 MJ kg 
Datasets and analysis
Datasets were generated for each animal category (cows and steers). Each record (row) within the dataset represented the animal within a region (east and west) on a monthly basis. The variables (columns) provided information on general management, BW, type of diet, dietary forage content (% DM), chemical composition of the diet, and nutrient intakes. The dataset for beef cows contained 24 records (12 mo × 2 regions) and 40 variables, whereas the dataset for steers contained 27 records (8-22 mo for east and 8-21 mo for west). The information for each record was then used with the appropriate algorithm to predict CH 4 (g d −1 and Y m ).
Mean daily CH 4 emissions (g d −1 ) and Y m values, both estimated monthly, were compared within each phase of production for eastern vs. western Canada by averaging over all models. Estimates were compared against the IPCC prediction and among models within each production phase. The variability of Y m among models was determined using coefficient of variation (CV) and uncertainty (%). In climate change, uncertainty of the emission estimate is an estimate of inherent error due to incomplete knowledge and lack of information. In our study, uncertainty was calculated according to Karimi-Zindashty et al. (2012) as the 95% confidence interval/mean × 100%. The CV and uncertainty were calculated for each model by production stage for mature cows and growing steers. All comparisons were conducted using a KruskalWallis test and nonparametric multiple comparisons among means were made by the Steel-Dwass all pairs test or Wilcoxon each pair test. Significance was declared at P ≤ 0.05. Statistical software used was JMP® version 12 (SAS 2015).
Results and Discussion
The models
The models used were organized from lower to higher degree of complexity with indication of the appropriate use for high-and low-forage diets (Table 1 ). The models could be categorized into three groups: (1) linear models that use one or two basic variables, especially GEI, DMI, and BW (e.g., IPCC, SAL, A, SGEL, and SDL), (2) linear models that consider a number of dietary variables (e.g., HAL, 14b, iiib, 9b, I, and GEI), and (3) polynomial models that are more complex because some variables are expressed as quadratic or cubic functions (e.g., HFOR, HFMC, LFOR, and LFMC).
Predictions from the IPCC Tier 2 model are based on GEI; however, GE content of feed is not typically reported in feed analysis. The IPCC (2006) (2014) CH 4 ); stage, physiological stage (nonlactating or lactating); Y m , methane conversion factor (6.5% for diets >90 g forage kg −1 DM, 3.0% for diets ≤90 g forage kg −1 DM). a Level 1, linear models that use one or two basic variables; level 2, linear models that consider a number of dietary variables; level 3, polynomial models. developed using mixed datasets for dairy and beef cows (Ellis et al. 2007; Ricci et al. 2013) , and heifers and steers (Ellis et al. 2009; Moraes et al. 2014; Escobar-Bahamondes et al. 2017b ). These models were selected for use in this study based on their accuracy and precision for beef cattle fed high-forage or high-grain diets (Escobar-Bahamondes et al. 2017a; Table 1 ). However, the database used by Escobar-Bahamondes et al. (2017a) to evaluate the equations included very few studies using mature cows or grazing cattle. Most studies were conducted with steers or heifers in metabolism studies in which growth of cattle was not reported. In addition, a small number of studies were conducted with growing cattle in confinement fed backgrounding and finishing diets.
Comparison of models for beef cows
Overall predicted Y m values averaged across models for lactating (mean, 7.0%) and dry (mean, 7.3%) beef cows were similar (P > 0.05) for eastern and western regions (Table 2) . Likewise, for lactating cows the average predicted CH 4 emissions across all models was similar (mean, 265 g d ; P > 0.05) for eastern and western regions, but emissions for dry cows were 14% greater (263 vs. 231 g d −1
; P ≤ 0.05) in western than eastern Canada. This difference between regions for CH 4 production of dry cows when expressed as g d −1 but not when expressed as Y m indicates differences in DMI attributed to differences in the energy content of barley-based diets in the west compared with corn-based diets in the east (Supplementary Table S1 ). 5.9%-6.7%. These values are within the range reported in this study. The overall CV resulting from the range in model estimates of Y m for lactating cows due to monthly changes in DMI and diet composition was 24% in the east and 29% in the west (Table 2 ). The slightly lower variability for dry cows (CV = 16%-20%) was attributed to smaller changes in DMI and diet composition over the 6 mo period compared with diets consumed during lactation. There were important differences among models for predicting Y m values (Table 3) for lactating and dry beef Note: Means within a row without the same letter are different (P ≤ 0.05). SD, standard deviation; Y m , CH 4 energy expressed as a percentage of gross energy intake. cows in both eastern and western Canada. For lactating cows in both regions, equations HAL and iiib predicted Y m values that were similar (P > 0.05) to those generated using IPCC methodology (Table 3 ). In contrast, in both regions HFMC predicted considerably greater (P ≤ 0.05) Y m values compared with all other models, whereas HFOR predicted greater (P ≤ 0.05) Y m values compared with IPCC. This difference in prediction could be attributed to the low proportion of data from mature beef cows used when developing the models, as well as the possibility that the Monte Carlo procedure used to amplify the original database in developing the model also amplified error variations in the original variables. Equations 14b and N estimated lower Y m values than IPCC. In case of daily CH 4 production ( Note: Within a column, models with different letters differ (P ≤ 0.05). SD, standard deviation; CV, coefficient of variation (%); GEI, gross energy intake. ), which were considerably greater (P ≤ 0.05; Table 4 ). For lactating cows in the west, IPCC estimated an emission of 257 g d −1 , which was similar to iiib, but greater (P ≤ 0.05) than estimates generated by models 14b, N, and HAL and lower (P > 0.05) than estimates generated by HFMC and HFOR. Regardless of region, no model predicted an Y m value similar to that of IPCC (P ≤ 0.05; Table 3 ) for dry cows. In the east, models HFMC, HFOR, iiib, and HAL predicted values greater than IPCC (9.5%, 8.0%, 7.6%, and 7.0% vs. 6.5%, respectively). For models 14b and N predicted values were lower (P ≤ 0.05) than IPCC. In the west, model performance for Y m was similar to that in the east. The IPCC model estimated 220 g d −1 of CH 4 for dry cows in the east, similar to estimates generated by HFOR, iiib, and HAL (252, 241, and 220 g d −1 , respectively; P > 0.05; ; P ≤ 0.05). Other models predicted greater (HFMC, HFOR; P ≤ 0.05) or lower estimates (HAL, 14b, N; P ≤ 0.05).
When used for mature beef cows, the models differed in their sensitivity to changes in dietary components, as evidenced by the CV reported in Table 3 (Y m ) and Table 4 (g d −1 ) and the range in Y m shown in Supplementary Fig. S1 . 1 Equations HAL and N had greatest stability and lower variations in their responses within phase (CV <5.6%) and across locations with HAL being closest to IPCC estimates. Although they considered variables, such as NDF content, GEI (HAL only), and BW (HAL only), those equations were not very sensitive to changes in inputs, and estimates of Y m were relatively constant within each of these models. Equation 14b uses MEI, ADF content, and lignin content as inputs, and despite changes in these inputs across the production phases, the predicted values were relatively constant, except for western lactating cows because dietary ADF content exhibited greater variability (Supplementary Table S1) 1 as pasture matured during the grazing season. Models HFMC and HFOR consistently predicted greater Y m and CH 4 compared with IPCC, and estimates from these models were also more variable within production phase. Both these models incorporate DMI and HC (NDF − ADF) as inputs expressed as polynomial variables, and BW, which varied across the year. Model iiib uses ratios among different types of energy, thus variation in DE, ME, and GE content of diets across the season caused this model to have greater variation in Y m values.
The Y m values were slightly less variable for a given equation for dry versus lactating cows ( Supplementary  Fig. S1 ) 1 because DMI and contents of NDF, ADF, starch, and GE of dry cow diets were less variable than for lactating cow diets (Supplementary Table S1 ).
1 Some models such as iiib and HFOR were sensitive to these changes, and Y m within production phase varied for those models due to changes in nutrient intake.
Comparisons of predictions for growing steers
There was no difference (P > 0.05) in the overall mean for predicted values of Y m between eastern and western regions for growing steers during backgrounding (mean, 6.5% ± 0.99%), grazing (mean, 6.6% ± 1.34%), and finishing (mean, 4.8% ± 0.86%; 
Backgrounding in confinement
Models differed in predicted values of Y m in both eastern (4.5%-8.2%) and western (5.2%-8.3%) Canada (Table 5 ). In the east, all models differed from IPCC (6.5%) with greater Y m values for iiib (8.2%), 14b (7.3%), and HFOR (6.9%) and lower values for N (6.1%), SAL (6.0%), and HFMC (4.5%). In the west, 14 b (6.6%) and HFOR (6.5%) were similar to IPCC, whereas iiib (8.3%), N (6.0%), SAL (5.9%), and HFMC (5.2%) were less than IPCC. The CV indicated that HFMC was highly sensitive to monthly changes in inputs, whereas 14b was variable in the east but not in the west with the opposite for HFOR. Similar to IPCC, iiib was not sensitive to changes in nutrient intakes over the growing period likely because the model also uses GEI.
When calculated as CH 4 production, estimates ranged from 80 to 145 g d −1 in the east and from 119 to 188 g d
in the west (Table 6 ). Differences were detected among models in both locations. In the east, predicted values from 14b and HFOR (128 and 122 g d ; P ≤ 0.05) differed from IPCC. In the west, all predicted values differed from IPCC. Emissions were generally more variable in the east compared with the west during the backgrounding in confinement phase, as indicated by the larger CV (4.5%-15.4% vs. 1.67%-8.4%; Table 6 ). The variability was greatest for HFMC (east and west) and SAL (east). In both cases, the models were able to show differences due to variability in composition of diets.
An important difference between regions was the source of feed; corn grain and corn silage were used in the east and barley grain and barley silage were used in the west (Supplementary Table S2 ).
1 Barley crop is the mainstay of the western Canadian feedlot industry, both as a grain and silage crop, whereas in eastern Canada corn grain and corn silage are predominant in diets due to agronomic differences between the regions, as well as proximity in the east to corn production in the United States. Steers in the west consumed more fiber and less NFC than steers in the east, which is usually associated with greater CH 4 production, however, when the CH 4 response was expressed as Y m , the models surprisingly did not predict differences due to feed source. While in our study, overall predicted Y m values were similar in both regions (Table 2) , some models performed differently between the two regions because the models (HFMC, HFOR, 14b, and SAL) that use dietary components and (or) BW to estimate CH 4 were more sensitive to changes in these inputs, and hence, showed more variability. In contrast, other models such as iiib, which consider GEI, DE, and ME, showed less variability (Table 5 , Supplementary Fig. S2   1 ). Most studies that have measured CH 4 production of beef cattle used high-forage diets. Although many studies evaluated feed additives or ingredients (e.g., lipids, nitrate, tannins, enzymes, organic acids, vegetable oils, meals, and distillers dried grains) as mitigation strategies (e.g., Beauchemin and McGinn 2006; Chung et al. 2011; Hales et al. 2012; Hunerberg et al. 2013) , for studies that used diets similar to those used in eastern Canada, CH 4 production ranged from 105 (Staerfl et al. 2012 ; corn silage and concentrate; mean BW, 304 kg) to 170 g d Note: Within a column, models with different letters differ (P ≤ 0.05). SD, standard deviation; CV, coefficient of variation (%); GEI, gross energy intake.
Grazing phase
The main differences between regions during this phase were the time the cattle remained on pasture (5 mo in east and 4 mo in west) and initial and final BW of steers (Table 2 ). In the east, the predicted values of Y m for models HFOR (6.7%), 14b (6.4%), and iiib (5.8%) were similar (P > 0.05) to IPCC, whereas HFMC (9.1%), SAL (6.0%), and N (5.9%) differed (P ≤ 0.05) from IPCC (6.5; Table 5 ). In the east, HFOR (7.3%) and 14b (6.7%) were similar (P > 0.05) to IPCC, whereas HFMC (8.9%), SAL (5.9%), N (5.8%), and iiib (4.4%) differed (P ≤ 0.05).
Seasonal variation in composition and quality of pasture and changes in DMI of cattle can affect CH 4 emissions during the grazing phase (Boadi et al. 2001; Ulyatt et al. 2002) . Variability in CH 4 production during the grazing season was accounted for only by the models that include dietary components as predictors. The greatest variability in predicted Y m was observed for iiib (east, 27.8% and west, 24.3%) and 14b (east, 7.3% and west, 12.1%; Table 5 ). The other models were comparatively less responsive to changes during the grazing phase with CV < 7.3%. The evaluated models use different inputs associated with methanogenesis; iiib considers ratios among different types of energy, HFMC uses BW, DMI, HC, and fat; HFOR uses BW, DMI, and fat; and 14b uses MEI, ADF, and lignin. In contrast, IPCC, N, and SAL were not sensitive to changes in forage composition over the grazing season. Few studies have measured CH 4 production from grazing cattle because of the difficulty of measuring CH 4 and DMI on pasture. Experiments that used diets with 100% of forage differed in type of animal, composition, and quality of pasture during the grazing phase, but those studies reported values consistent with predicted values from this study. For example, using Hereford × Friesian bulls (mean BW, 272 kg) for several months grazing pastures of rye grass and white clover (DM digestibility, 64.3-83.7) Molano et al. (2006) reported CH 4 emissions ranging from 89 to 222 g d −1 . Fitzsimons et al. (2013) reported CH 4 production of 260 to 297 g d −1 equivalent to 12.6% of Y m using nonpregnant Simmental heifers (mean BW, 489 kg) grazing perennial ryegrass (in vitro DM digestibility, 76.6 ± 11.4). This estimate is similar to 11.3% of Y m reported by Ominski et al. (2006) using British × Continental crossbred steers grazing grass-based pasture in summer and alfalfa-grass silage in winter (NDF, 46.4%-68.8% of DM). Note: Within a column, models with different letters differ (P ≤ 0.05). SD, standard deviation; CV, coefficient of variation (%).
Finishing phase
Despite the feeding of corn grain in eastern Canada and barley grain in western Canada, there were no differences in the overall average predicted values of Y m (mean, 4.8%; P > 0.05; Table 2 ) and CH 4 predictions between the regions (mean, 155 g d −1 ;P > 0.05; Table 2) when averaged across models. Likewise, the variability in eastern and western regions for Y m (18.1% and 17.5%, respectively) and CH 4 production were similar (19.1% and 17.6%, respectively). The Y m values for the finishing phase were lower than those obtained for cattle backgrounded in confinement or during the grazing phase. However, in both regions all models predicted greater Y m values than IPCC ( Table 5 ).
Experiments that used low proportion of forage (e.g., ≤10%) and barley grain similar to western finishing diets report CH 4 production from 119 to 136 g d −1 with Y m of 4.0%-5.0% (Hünerberg et al. 2013 ) and 101-116 g CH 4 d
−1
with Y m of 4.3%-4.5% (Vyas et al. 2015) . This range in Y m with high-grain diets is consistent with values in the current study, in which the range was 4.4%-5.8% for barleybased diets. Beauchemin and McGinn (2005) (2017a) to be accurate for high-grain diets, the models were not sensitive to the type of grain fed.
Model assessment and uncertainties
Compared with the fixed CH 4 conversion factors (Y m = 6.5% for diets >90 g forage kg −1 or 3.0% for diets ≤90 g forage kg −1 ) recommended by IPCC (2006), our study showed greater variability in estimations of Y m values for beef cows and growing steers across their production cycle. The models used in this study were those selected as best-fit for forage-and grain-based diets, as well as new equations developed by EscobarBahamondes et al. (2017a EscobarBahamondes et al. ( , 2017b Uncertainty within models suitable for high-forage diets ranged from 0% to 45.2% (Table 7) . Uncertainty represents the responsiveness of the model to changes in input variables (e.g., intake and diet composition), and is independent from accuracy (prediction of actual values) and precision (consistent prediction of the same value). Larger uncertainty range indicates that CH 4 production and Y m are not static throughout the production cycle, in contrast to the assumption of the IPCC methodology. The range of uncertainty for Y m was smaller when variables within a particular model fluctuated minimally during the production phase of the animal. For example, the use of SAL or HAL from Moraes et al. (2014) averaged across animal stages for high-forage diets had low uncertainties (2.4% and 3.4%, respectively). The SAL model only considers GEI, which increased at a constant rate with changes in BW within each phase, thus the estimation of CH 4 was consistent and uncertainty was low. In comparison, SAL and HAL models incorporate NDF (%), which changed throughout the grazing phase thereby introducing more variability in CH 4 estimation, and hence, more uncertainty. Likewise, the average range of uncertainty through animal stages for high-forage diets was lower for models that used ratios among variables to adjust other variables (e.g., N from Ellis et al. 2009; 2.4%) . In contrast, inclusion of more variables in models, especially when inputs for these variables increased and (or) decreased over time, led to greater uncertainties (e.g., HFMC from Escobar-Bahamondes et al. 2017b) .
In contrast to high-forage diets, low-forage diets were high in energy content and nutrient contents (e.g., starch and fiber) and were less variable over the finishing phase. As a result, the uncertainties of CH 4 predictions were less than for models used for high-forage diets, and ranged from 0% to 15.3%. Uncertainty was mainly affected by DMI rather than feed composition, and similar to high-forage models the uncertainty was lower for models with few variables and greater for models that use more variables.
Based on the results from our study, we suggest that when diet composition is known and data for animals are available (e.g., BW and DMI) use of complex models, as evaluated and recommended by EscobarBahamondes et al. (2017a, 2017b) and ranked models for their accuracy in predicting CH 4 emissions for beef production systems using high-and low-forage diets, and the best-fit models were used in this study. A condition used to select best-fit models was that predicted values were close to observed values, and hence, models showed high accuracy and precision. If the purpose is to obtain estimates of CH 4 production for national inventory purposes representing cattle over a range of geographical regions where information on diet composition is lacking, depending on stage and location use of average Y m of 7.0%-7.3% for beef cows and 6.4%-6.6% for growing cattle are recommended when consuming high-forage diets. An average Y m of 4.8% is recommended for finishing cattle fed high-grain diets.
Conclusions
There were substantial differences in the predicted CH 4 production of beef cattle across all models selected based on accuracy and precision for beef cows during the lactating and non-lactating stages, growing steers fed backgrounding diets or grazing pasture, and feedlot finishing cattle. Furthermore, estimated daily CH 4 production and Y m from models are distinct from IPCC Tier 2 estimates. The variability in predicted CH 4 and Y m was greater for models that considered more dietary components as predictors. The variability due to models was greatest for grazing cattle (cows and growing steers) because of fluctuations in dietary composition (e.g., especially fiber content), intake, and BW during the productive cycle. Models that use fixed factors as predictors, such as DMI or GEI are more stable and show less uncertainty, but are less sensitive to changes in diet composition that affect CH 4 production. The average Y m values derived from the best-fit equations were 7.0%-7.3% for beef cows depending upon stage and location, and 6.4%-6.6% for growing cattle consuming high-forage diets, whereas a mean of 4.8% was observed for beef cattle consuming finishing diets.
